Bone metastasis is a multistep process that includes cancer cell dissemination, colonization, and metastatic growth. Furthermore, this process involves complex, reciprocal interactions between cancer cells and the bone microenvironment. Bone resorption is known to be involved in both osteolytic and osteoblastic bone metastasis. However, the precise roles of the bone resorption in the multistep process of osteoblastic bone metastasis remain unidentified. In this study, we show that bone resorption plays important roles in cancer cell colonization during the initial stage of osteoblastic bone metastasis. We applied bioluminescence ⁄ X-ray computed tomography multimodal imaging that allows us to spatiotemporally analyze metastasized cancer cells and bone status in osteoblastic bone metastasis models. We found that treatment with receptor activator of factor-jB ligand (RANKL) increased osteoblastic bone metastasis when given at the same time as intracardiac injection of cancer cells, but failed to increase metastasis when given 4 days after cancer cell injection, suggesting that RANKL-induced bone resorption facilitates growth of cancer cells colonized in the bone. We show that insulin-like growth factor-1 released from the bone during bone resorption and hypoxiainducible factor activity in cancer cells cooperatively promoted survival and proliferation of cancer cells in bone marrow. These results suggest a mechanism that bone resorption and hypoxic stress in the bone microenvironment cooperatively play an important role in establishing osteoblastic metastasis. B one is one of the most common sites for cancer metastasis.
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B
one is one of the most common sites for cancer metastasis.
(1,2) Presently, increased incidence of bone metastasis from primary cancers occurring in various organs and tissues is attributed to the prolonged survival rate of the patient due to improved cancer control at the disease sites. (3, 4) These facts emphasize the need for developing novel therapeutic strategies based on understanding the basic biology of bone metastasis. Aberrant bone remodeling caused by reciprocal interaction among disseminated cancer cells, osteoblasts, and osteoclasts is an important event in establishment of bone metastasis. (1, 5) Receptor activator of nuclear factor-jB ligand (RANKL) is a tumor necrosis factor ligand superfamily member that is essential for the formation, activation, and function of osteoclasts. (6) In osteolytic bone metastasis, cancer cells directly or indirectly activate osteoclasts through the RANKL signaling pathway, resulting in progression of bone resorption. The bone resorption triggers the release of growth factors stored in the bone matrix, such as transforming growth factor-b (TGF-b) and insulin-like growth factor (IGF), which interact with the cancer cells and enhance their growth during osteolytic bone metastasis. (7, 8) Osteoblastic bone metastasis is a process that induces aberrant bone formation due to stimulation of osteoblasts by cancer cells. (9) In addition to finding osteolytic lesions in osteoblastic bone metastasis, (10, 11) it was recently found that denosumab, a human mAb against RANKL, significantly increased bone metastasis-free survival of prostate cancer patients; osteoblastic metastasis affects the vast majority of these patients. (12) (13) (14) This clinical evidence strongly suggests that bone resorption plays an important role in osteoblastic bone metastasis. However, the precise mechanism of bone resorption and its involvement in osteoblastic bone metastasis are still poorly understood.
Hypoxia is a key regulatory factor in accelerating malignant processes of cancers. Hypoxia inducible factors (HIFs) are activated in hypoxia and orchestrate a vast array of gene products related to the processes for cellular adaptation to hypoxia. (15) Earlier studies have indicated that HIFs play a critical role in cancer progression during bone metastasis. (16, 17) The activity of HIFs is regulated by the cellular oxygen sensors, prolyl hydroxylases. (18) As each tissue cell has its own optimal partial pressure of oxygen (pO 2 ), the oxygen concentration that activates HIFs is different for every cell. The pO 2 of the bone marrow is relatively low compared to other organs, (19) indicating that cancer cells migrating to the bone marrow would be exposed to hypoxic stress, leading to an increase of HIF activity. Therefore, understanding the role of HIFs in metastatic cancer cells in the bone is important for exploring the mechanism of bone metastasis.
In this study, we explore the role of bone resorption in establishment of osteoblastic bone metastasis of osteosarcoma cells in the hypoxic bone marrow environment by using multimodal (bioluminescence and X-ray computed tomography [CT]) imaging. The results show that the RANKL-induced bone resorption facilitates the colonization of cancer cells in bone marrow through the cooperative effects of IGF-1 released during bone resorption and HIF activation in the hypoxic bone marrow microenvironment.
Materials and Methods
Cell culture and isolation of LM8 ⁄ luc and LM8 ⁄ HRE-luc. The murine osteosarcoma cell line LM8 was gifted from Dr. Hideki Yoshikawa (Osaka University, Osaka, Japan). The LM8 ⁄ luc and LM8 ⁄ HRE-luc cells were isolated after transfection with plasmid pEF ⁄ luc and pEF ⁄ HRE-luc, respectively, (20) by the calcium phosphate method. (21) The cells were maintained at 37°C in 5% FCS-DMEM (Nacalai Tesque, Kyoto, Japan) supplemented with penicillin (100 U ⁄ mL) and streptomycin (100 lg ⁄ mL). Hypoxic cell cultures were done under 5% CO 2 and 1%, 3%, or 5% O 2 .
Tumor xenografts. All the experimental procedures using mice were approved by the Animal Experiment Committees of the Tokyo Institute of Technology (Tokyo, Japan) (authorization number 2010006-3) and carried out in accordance with relevant national and international guidelines. LM8 cells (1 9 10 5 cells ⁄ 100 lL) were injected into the left cardiac ventricle of 7-week-old male BALB ⁄ c-nu ⁄ nu nude mice (Oriental Yeast, Tokyo, Japan) as described previously. (22) Recombinant human soluble RANKL (23) (1 mg ⁄ kg; Oriental Yeast) or PBS was injected i.p. at 24-h intervals for 5 days. Acriflavine (4 mg ⁄ kg; Sigma-Aldrich, St Louis, MO, USA) or saline was injected daily for 10 days from 1 h after cancer cell injection. (24) Micro X-ray CT imaging. Micro X-ray CT imaging was carried out using the R_mCT2 system (Rigaku, Tokyo, Japan). Hind limb bones were imaged at voxel size 10 9 10 lm using the following parameters: 90 kV X-ray tube voltage, 160 lA X-ray tube current, and 500 ms per frame. X-ray CT images were analyzed by ImageJ 1.44 (U.S. National Institutes of Health, Bethesda, MD, USA).
In vivo and ex vivo bioluminescence imaging. Bioluminescence (BL) images of tumor-bearing mice were acquired with the IVIS Spectrum imaging system (Caliper Life Sciences, Alameda, CA, USA) 15 min after i.p. injection of D-luciferin (100 mg ⁄ kg; Promega, Madison, WI, USA) using the conditions described in Data S1. Ex vivo imaging was acquired immediately after the last in vivo imaging. The BL intensity of bone metastasis was measured by region of interest analysis of hind limbs. Bone metastasis frequency was assessed 14 days after cancer cell injection by counting the bone metastatic sites with BL signals.
Multimodal imaging. Three-dimensional BL imaging and micro X-ray CT images were obtained and analyzed as described in Data S1.
Histological analysis. Hind limb bones of mice were excised and fixed in 70% ethanol for 48 h, decalcified in 10% EDTA for 2 weeks, processed, and embedded in paraffin. Sectioned bones (5-lm thickness) were stained with H&E. For von Kossa staining, hind limbs were excised from mice immediately following micro X-ray CT imaging and treated as described in Data S1.
Proliferation assay. LM8 ⁄ luc cells (2 9 10 3 ⁄ well) were seeded in 96-well plates with 1% FCS-DMEM and after 20 h of incubation the cells were further cultured for 0, 24, 48, and 72 h with IGF-1 (PeproTech, Rocky Hill, NJ, USA), TGF-b1 (PeproTech), and soluble RANKL under normoxic (21% O 2 ) or hypoxic (1% O 2 ) conditions. After the culture, cell proliferation rates were assessed with WST-1 reagent (Roche Diagnostics, Basel, Switzerland) according to the manufacturer's protocol.
Quantitative RT-PCR. LM8 ⁄ luc cells were cultured for 24 h in DMEM with 5% FCS under normoxic (21% O 2 ) or hypoxic (1% O 2 ) conditions. Total RNA extraction from culture cells and bone tissues, and quantitative RT-PCR (qRT-PCR) were carried out as described in Data S1. The primers for mouse genes are shown in Table S1 .
Western blotting. Cell lysate was collected and subjected to Western blot analysis with anti-HIF-1a rabbit polyclonal Ab (Novus Biologicals, Littleton, CO, USA), anti-IGF1 receptor b rabbit polyclonal Ab (Cell Signaling Technology, Beverly, MA, USA), anti-phospho-IGF1 receptor b (Tyr1135) rabbit monoclonal Ab (Cell Signaling Technology), anti-RANK rabbit polyclonal Ab (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-b-actin mouse mAb (Sigma-Aldrich).
Luciferase reporter assays. LM8 ⁄ luc or LM8 ⁄ HRE-luc cells (5.0 9 10 4 ) were seeded onto 24-well plates and cultured overnight. The cells were further cultured under normoxic or hypoxic conditions for the indicated time. The cells were lysed and their luciferase activity was measured using a Luciferase Assay Kit (Promega).
Colony formation assay. Anchorage-independent growth was assessed by colony formation in soft agar as described. (25) Five hundreds cells were cultured in 60-mm plates for 14 days in 21% or 1% O 2 . At the end of culture, colonies >50 lm in diameter were counted.
Statistical analysis. Statistical analyses were carried out using Student's t-test. Values of P < 0.05 were considered statistically significant.
Results
LM8 osteoblastic bone metastasis model. A cell line derived from Dunn murine osteosarcoma, LM8 was established as a highly lung metastatic subline by in vivo selection through pulmonary metastasis. (26) Furthermore, LM8 formed osteoblastic lesions in the bone marrow after intratibial injection. (27) These facts motivated us to assess bone metastasis formation following intracardiac (i.c.) injection of LM8. We isolated an LM8 subclone (LM8 ⁄ luc), which stably expresses a firefly luciferase and preferentially metastasizing to the bone. Bioluminescence signals were typically obtained around the hind limbs of nude mice within 1 week of i.c. injection of LM8 ⁄ luc (Fig. 1a) . We confirmed LM8 ⁄ luc metastasis in the bone marrow by ex vivo imaging and histological analysis of hind limb bones (Fig. 1b,  c) . The multimodal imaging of LM8 ⁄ luc bone metastasis revealed the precise location of bone metastasis in the femur and ilium (Figs 1d,S1) and aberrant bone formation at the metastatic sites 21 days after LM8 ⁄ luc transplantation (Figs 1e, S2).
Bone resorption induced by RANKL promotes LM8 ⁄ luc metastatic colonization in bone marrow. Although osteoblastic metastasis lesions often contain osteolytic lesions in clinical patients, (1, 11) the role of bone resorption in osteoblastic bone metastasis has not been extensively studied. A clinical study showed that inhibition of RANKL increased bone metastasis-free survival of prostate cancer patients, (14) implying that bone resorption might play important roles in establishment of osteoblastic bone metastasis. Our previous study revealed that RANKL-induced bone resorption started within 24 h of inoculation, and obvious bone loss was observed after 50 h. (23) Therefore, in order to elucidate the role of bone resorption in establishment of osteoblastic bone metastasis, we used two different schedules of i.p. administration of RANKL: 5 days of consecutive administration initiated 1 h (RANKL1) or 4 days (RANKL2) after i.c. injection of LM8 ⁄ luc (Fig. 2a ). An analysis using multimodal imaging revealed that treatment with RANKL clearly reduced bone mass 3 days after inoculation (Fig. 2b) , and that significantly higher BL signals (Fig. 2c) and a significantly increased number of metastatic sites (Fig. 2d) were observed in the bone of early RANKL-treated (RANKL1) mice than in those of untreated and late RANKL-treated (RANKL2) mice. Circulating cancer cells were dramatically reduced 24 h after cancer cell injection and undetectable on day 4, the day RANKL was given in the RANKL2 schedule (data not shown), suggesting that the chance of cancer cells entering the bone after day 4 was very low. These results strongly suggest that RANKL influences the fate of cancer cells that homed in the bone during the first 3 days after i.c. injection. The enhanced metastatic progression of LM8 ⁄ luc cells by RANKL was not a direct effect of RANKL on LM8 ⁄ luc cells, as LM8 cells do not express RANK, a receptor of RANKL (Fig. S3) . These results indicate that RANKL-induced bone resorption promotes the colonization process of LM8 metastasis by influencing the microenvironment in the bone marrow.
Hypoxia-inducible factor activity of LM8 increases in bone microenvironment. The pO 2 in bone marrow has been estimated at 23-40 mmHg (3-5% O 2 ), (19) which is relatively lower than other organs and tissues. To understand the status of LM8 cells that have migrated to the bone marrow, we examined their hypoxic response in vitro and in vivo. The most abundant HIF, HIF-1, is a central regulator of the hypoxic response in many cell types (15) and reported as a key factor in promoting homing, colonization, and progression of bone metastasis. (28, 29) In LM8 cells, the protein level of HIF-1a, the a subunit of HIF-1, increased as hypoxic treatment was prolonged ( Fig. 3a) and decreased as the O 2 concentration increased (Fig. 3b) . The HIF transcriptional activity was monitored by using LM8 ⁄ HRE-luc cells, which express firefly luciferase in a HIF-dependent manner. The activity of HIF in LM8 ⁄ HRE-luc cells varied in response to hypoxic treatments (Fig. 3c,d ) in good correlation with HIF-1a expression (Fig. 3a,b) . In vivo BL signaling from LM8 ⁄ luc, corresponding to tumor burden, and LM8 ⁄ HRE-luc, corresponding to HIF activity, was monitored after i.c. injection of LM8 cells (Fig. 3e) . In s.c. tumors of LM8, HIF activity increased much more slowly than tumor burden (Fig. S4) , suggesting that HIF activity in s.c. LM8 tumors reflects a gradual increase in hypoxic regions as tumors grow. However, in the bone metastatic sites, the HIF activity and tumor burden showed a parallel increase during the first week after LM8 injection (Fig. 3e) , indicating that HIF in LM8 was activated in the hypoxic microenvironment immediately after migration of LM8 to the bone marrow. Furthermore, HIF activity drastically increased in bone metastatic sites during the second week after LM8 injection (Fig. 3e) and inhibition of HIF transcriptional activity by acriflavine (24) significantly suppressed growth of LM8 bone metastasis (Fig. 3f,g ). These results support the idea that HIF is activated in LM8 homing to the hypoxic bone marrow and plays an important role in LM8 colonization and the progression of bone metastasis.
Insulin-like growth factor-1 stimulates LM8 progression under hypoxic conditions. Treatment with RANKL induced significant bone resorption (Fig. 2b) that triggers the release of growth factors stored in the bone. Therefore, the contribution of growth factors in cooperation with HIF activity to LM8 metastatic progression was examined. As TGF-b and IGF-1 are the major growth factors stored in the bone matrix, we first examined their effects on LM8 proliferation. Transforming growth factor-b as well as RANKL did not show any proliferative effects on LM8 ⁄ luc under normoxia or hypoxia (Fig. 4a) , which was explained by the results of the qRT-PCR analysis indicating that LM8 did not express the TGF-b2 receptor (Fig. S5a) . We further confirmed that the TGF-b ⁄ Smad pathway was not activated in LM8 after TGF-b treatment (Fig. S5b, Data S1 ). Thus, it was concluded that TGF-b did not have a direct effect on LM8 for RANKL-induced promotion of LM8 metastasis. In contrast, IGF ⁄ IGFR signaling seemed important because IGF-1 was able to promote proliferation of LM8 cells under both normoxia and hypoxia (Fig. 4a) . Furthermore, IGF-1 promoted anchorage-independent growth of LM8 cells in hypoxia (Fig. 4b) . Because the effect of IGF-1 on LM8 proliferation was more significant under hypoxia than normoxia, the activity of IGF ⁄ IGFR signals in LM8 cells was further examined in hypoxia. Remarkably, the Igf1r expression and IGF1R phosphorylation after IGF stimulation were significantly increased under hypoxic conditions (Fig. 4c,d ). We then assessed the involvement of IGF-1 in HIF activation in LM8 cells and found that IGF-1 treatment significantly enhanced the protein stability of HIF-1a and transcriptional activity of HIF in LM8 under hypoxic conditions (Fig. 4e,f) . Furthermore, we examined the expression level of downstream genes of the (e) HIF activity in bone metastasis sites. Bioluminescence (BL) intensity in LM8 ⁄ HRE-luc or LM8 ⁄ luc metastases was measured at the indicated times after transplantation. To calculate relative BL intensities, BL intensities at indicated times were divided by those at day 4 (3.17 9 10 3 photons ⁄ s ⁄ ROI for LM8 ⁄ HRE-luc and 3.43 9 10 3 photons ⁄ s ⁄ ROI for LM8 ⁄ luc); n = 4 for LM8 ⁄ HRE-luc, n = 6 for LM8 ⁄ luc. *P < 0.01. (f) Inhibition of HIF activity in LM8 cells using acriflavine. HRE-Fluc activity was assessed with indicated concentrations of acriflavine (ACF). *P < 0.05. (g) Antitumor effect of HIF inhibitor. Luciferase activity of LM8 ⁄ luc bone metastasis was measured at indicated times after transplantation. Relative luciferase activities to the ones on day 2 are indicated; n = 8 for each group. *P < 0.01.
IGF ⁄ IGFR signal and HIF (Fig. 4g) . Under hypoxic conditions, Igf1 expression significantly increased (Fig. 4g) , suggesting that autocrine IGF-1 made the proliferation effect of exogenous IGF-1 on LM8 less significant in hypoxia (Fig. 4a) .
In addition to positive feedback regulation of Igf1, antiapoptotic genes Bcl2 and Flip, and genes for adaptation in hypoxic bone marrow, Bmp1, Vegfa, and Car9, were upregulated with IGF-1 and hypoxia costimulation (Fig. 4g) . We further confirmed that most of these genes were significantly upregulated in the bone metastasis tissues (Fig. 4h) . These results indicate that IGF-1 and hypoxia cooperatively promote LM8 survival and proliferation and also suggest an in vivo mechanism for osteoblastic metastasis, in which bone resorption and hypoxia cooperatively enhance cancer cell colonization and growth.
Discussion
Understanding the mechanism of bone metastasis is becoming increasingly important for establishing an effective cancer therapy. In this study, we show that RANKL-induced bone resorption during the early stage of osteoblastic bone metastasis facilitated metastatic colonization of cancer cells.
Injection of RANKL in the early stage of metastasis facilitated the growth of metastatic cancers and increased the number of metastatic sites (Fig. 2) . Because LM8 does not express RANK (Fig. S3) , RANKL does not directly influence the recruiting and homing processes of LM8 to the bone. Furthermore, although the same number of cancer cells was expected to have homed in the bone shortly after cancer cell injection in both RANKL1 and RANKL2 schedules, RANKL1 showed a higher incidence of metastasis and faster growth of metastatic cancer cells (Fig. 2c,d ). These results strongly suggest that RANKL-induced bone resorption plays an important role in colonization of cancer cells shortly after they enter the bone. We showed that IGF-1 increased the colony-forming ability of LM8 (Fig. 4b) and that genes related to cell survival and proliferation were upregulated under hypoxic conditions similar to those in the bone marrow (Fig. 4g) as well as in bone metastasis tissues (Fig. 4h) . The overall results are consistent with a previous study showing that IGF ⁄ IGFR signal activation reduces apoptosis of cancer cells in the bone marrow. (30) Although further studies are necessary to determine the role of IGF-1 in the osteoblastic metastasis process, data from previous reports and ours strongly support the idea that bone resorption and subsequent release of IGF-1 play an important role in colonization and establishment of osteoblastic bone metastasis. Therefore, bone undergoing resorption would have a higher chance for bone metastasis and blocking of IGF ⁄ IGFR signaling would be an effective treatment for osteoblastic bone metastasis.
In osteoblastic bone metastasis, activated osteoblasts are thought to release growth factors leading to the proliferation of cancer cells, however, these growth factors have not yet been identified. (9) In this work, we suggest that IGF-1 is the most reasonable candidate because IGF-1 promoted LM8 colonization at the metastatic sites, and because the IGF ⁄ IGFR signaling pathway, such as Igf1r expression and IGFR phosphorylation, was strongly activated in LM8 cells under hypoxic conditions (Fig. 4c,d) . We also showed that HIF was strongly activated in metastasized LM8 in the physiologically hypoxic bone microenvironment (Fig. 3e) , and that IGF-1 enhanced HIF expression and activity under hypoxic conditions (Fig. 4e,f) . These findings are consistent with previous studies showing that activation of HIF enhances cancer cell homing and metastatic progression in the bone marrow. (16, 17, 28, 29) Together with previous reports that IGF-1 activates HIF in various cancer cells, (31, 32) the cross-talk between IGF ⁄ IGFR signaling and hypoxia would be a key event that promotes osteoblastic bone metastasis (Fig. 5) , and is a potential target for effective therapy for bone metastasis.
Androgen deprivation therapy (ADT) is the mainstay of therapy for metastatic prostate cancer. However, use of ADT is associated with a decrease in bone mineral density (33) (34) (35) and an increased incidence of fractures due to accelerated bone resorption. (36) Therapy targeting RANKL has been used to reduce the incidence of osteoporosis and fracture in men with cases of non-metastatic prostate cancer receiving ADT. (12) Our results clarify the main function of RANKL in promoting the metastatic colonization of circulating cancer cells in the bone marrow and support the validity of RANKL-targeted therapy for preventing osteoblastic bone metastasis.
In this study, we can rule out the direct involvement of RANKL and TGF-b in cancer cell colonization because LM8 does not express RANK or TGF-b receptor 2 ( Figs S3,S5a) . Therefore, by using this model, we may be able to clarify the essential function of TGF-b and RANKL on a variety of bone marrow cells, such as mesenchymal stem cells and monocytes, during osteoblastic metastasis. Further understanding of the interaction between these key factors and bone marrow cells elucidate bone metastasis mechanisms and would facilitate prevention therapies for bone metastasis.
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